Lignins were isolated from spruce, wheat straw and eucalyptus by using the milled wood lignin (MWL) method. Functional groups and compositional analyses were assessed via 2D NMR and 31 P to realize their effect on enzyme binding. Films of the lignins were fabricated and ellipsometry, atomic force microscopy and water contact angle measurements were used for their characterization and to reveal the changes upon enzyme adsorption. Moreover, lignin thin films were deposited on quartz crystal microgravimetry (QCM) and surface plasmon (SPR) resonance sensors and used to gain further insights into the lignin-cellulase interactions. For this purpose, a commercial multicomponent enzyme system and a monocomponent Trichoderma reesei exoglucanase (CBH-I) were considered. Strong enzyme adsorption was observed on the various lignins but compared to the multicomponent cellulases, CBH-I displayed lower surface affinity and higher binding reversibility. This resolved prevalent questions related to the affinity of this enzyme with lignin. Remarkably, a strong correlation between enzyme binding and the S/G ratio was found for the lignins, which presented a similar hydroxyl group content ( 31 P NMR): higher protein affinity was determined on isolated spruce lignin (99% G units) while the lowest adsorption occurred on isolated eucalyptus lignin (70% S units). The effect of electrostatic interactions in enzyme adsorption was investigated by SPR, which clearly indicated that the screening of charges allowed more extensive protein adsorption. Overall, this work furthers our understanding of lignin-cellulase interactions relevant to biomass that has been subjected to no or little pretreatment and highlights the widely contrasting effects of the nature of lignin, which gives guidance to improve lignocellulosic saccharification and related processes.
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INTRODUCTION
The replacement of non-renewable resources in the production of chemical building blocks and liquid fuels have intensified research in the bioconversion area. The biorefinery concept aims to utilize lignocellulosics toward bioproducts, bioenergy and high value streams for optimal utilization of nonfood biomass resources, widely available in the form of agricultural and forestry residues or from dedicated energy crops. A significant limitation in related efforts is the recalcitrance of lignocellulosic in bioconversion, which impacts severely the cost-effectiveness of biorefineries. 1,2 A typical lignocellulose bioconversion process involves multiple steps, including physical, chemical or biological pretreatments, enzymatic hydrolysis of cellulose and/or the residual hemicelluloses into sugars and fermentation. 3, 4 The effectiveness of these processes is critically affected by the type, distribution and chemical nature of the residual lignin. 5 High value applications of lignin have been limited by the structural complexity of the molecule and its variability; thus, they are mostly utilized in energy cogeneration. 6 This is related to the fact that the main functions of lignin in nature is to provide microbial resistance and structural strength to the plant. 7 Lignin is synthesized by chemical polymerization of three main precursors, coniferyl, sinapyl and p-coumaryl alcohols. These monolignols produce respectively guaiacyl (G), syringyl (S) and p-hydroxyphenyl (H) lignin units, which are incorporated in the macromolecule. The concentration of each of these unit is highly variable and depends on the botanical origin of the plant. Softwoods, for instance, are made mostly of G units and small amounts of H units while hardwoods are composed of both S and G units in different relative amounts. Grasses typically comprise the three units. 8 Some pretreatment methods partially dissolve lignin or rearrange it in different fragments that remain in the biomass while other, less severe methods, may preserve lignin in a form that is close to its native form.
Cellulases, which comprise a set of enzymes, act synergistically, among others, to break down the β-1,4 glycosidic bond that holds together the glucose units in cellulose. These enzymes are used in commercial mixtures to hydrolyze cellulose. They contain cellobiohydrolases (CBH) that hydrolyze the cellulose chains liberating cellobiose from the reducing and the non-reducing ends. The mixtures also contain endo-glucanases (EG), which act on linkages in the amorphous regions of cellulose chains, forming new chain ends and oligomers. They release low molecular weight oligomers and cellobiose that are further hydrolyzed into glucose units by β-glucosidases. 9 The main enzyme in commercial mixtures of cellulases produced by Trichoderma reesei TrCel7A (CBH I, EC 3.2.1.176) is an exoacting cellulase that hydrolyses the ends of cellulose chain from the reducing end. For complete saccharification of cellulose within a reasonable time, relatively high enzyme loadings are needed, which makes the process costly. 10 Thus, recent efforts have been directed to enhance the enzyme activity in economically-viable processes. 11, 12 Lignin content in biomass and its detailed composition play critical roles in the saccharification of lignocellulosic materials, usually decreasing the performance and efficiency of enzymatic hydrolysis. Several mechanisms of inhibition have been reported. For example, lignin may act as a physical barrier that restricts the access of the cellulases to cellulose, namely steric hindrance, or may adsorb cellulases, resulting in non-productive binding. 3, 13 Hydrogen bonding, hydrophobic and electrostatic interactions have been hypothesized to participate in non-specific adsorption. 14, 15 However, enzyme inhibition activity and related mechanisms remain untapped for elucidation in order to advance enzymatic hydrolysis processes. 13, 16, 17, 18 Quartz crystal microbalance (QCM) and surface plasmon resonance (SPR) techniques combined with model films of isolated lignins have been useful for this purpose. 13, 17, 19, 20, 21 For example, isolated lignin films have been prepared directly by drying from solution or by using the Langmuir-Blodgett technique 23, 24, 25 or by spin coating 6, 21, 25, 26 and several studies have addressed the interactions between lignin and different types of proteins (see for example our previous studies in Refs. 13, 19, 27, 28 ). The control of the thickness and roughness the model films is essential to study lignin-cellulase interactions. In fact, the surface properties of the lignin films depend on the type of lignin, the method used for its extraction and the technique used for film preparation. 20 Previous studies of lignin-cellulase adsorption were performed on isolated lignins, including protease-treated lignin (PTL) and cellulolytic enzymatic lignin (CEL), 29 enzymatic mild acidolysis lignin (EMAL) and lignin-rich enzymatic hydrolysis residues (EnzHR). 17 These and other studies indicate different adsorption capacity depending on the lignin type. 19 Commonly, pre-treatments are necessary for increasing the accessibility of enzymes to biomass. Such steps modify the lignin structure in various, complex ways. Consequently, differences are expected for the adsorption of cellulases on residual and native lignins.
Extensive research, including our own, 17 has attempted to address the first case while the present work focuses on the more native forms of lignins. Indeed, despite the many related seminal efforts, no reports exist in the context of cellulase binding on milled wood (MWL) or Björkman lignins, 30 which are considered close versions of the corresponding native structures. 31, 32, 33, 34 Therefore, in this contribution we elucidate the hydrophobic and electrostatic interactions between isolated MWL and cellulases by using electroacoustic and optical techniques capable of sensing the extent and dynamics of the interactions, namely, the quartz crystal microgravimetry (QCM) and the surface plasmon resonance (SPR), respectively.
MATERIALS AND METHODS
Lignins were extracted from Eucalyptus globulus wood (ENCE, Pontevedra, Spain), wheat straw (Spain) and spruce wood (Sweden) according to the traditional Björkman procedure. 30 Briefly, ~40 g of extractive-free material were finely ball-milled in a Retsch PM100 planetary ball mill (Restch, Haan, Germany) at 400 rpm using a 500 mL agate vessel with 20 agate ball-bearings (20 mm diameter). The total ball-milling time was 24 h, carried out by using 15 min on and off cycles. The ball-milled materials were then extracted with dioxane-water 96:4 (v/v) and the respective isolated crude MWL was then subsequently purified, as described elsewhere. 35 Thereafter, for simplicity, these milled wood lignins are referred to as MWL.
All other solvents were of analytical grade.
Studies on enzyme adsorption were carried out with a purified Trichoderma reesei cellobiohydrolase TrCel7A (CBH I) as well as a commercial enzyme mixture. The cellobiohydrolase TrCel7A is an exocellulase that was purified according to Suurnäkki et al. 36 except for the omission of the last step of hydrophobic interaction chromatography on phenyl sepharose. The commercial cellulase used was under trade name CTec2 (Novozymes A/S, Denmark) and is a multicomponent enzymes based on the T. reesei. Naturally, the exact composition of this commercial mixture is not disclosed; such system is used here simply as a reference of industrial relevance. It can be assumed, however, that Ctec2 is an augmented mixture of proteins consisting of xylanases, endoglucanases, beta-glucanases and other proteins.
MWL characterization
Lignin content. Klason lignin was estimated as the residue after sulfuric acid hydrolysis of the purified MWL, according to Tappi Standard T222 om-88. 37 The acid-soluble lignin content was determined by spectrophotometry (205 nm, extinction coefficient of 110 L/cm/g) 38 The integration of the cross-signals was performed separately for the different regions of the HSQC spectrum, which contain signals that correspond to chemically analogous carbon-proton pairs. For these signals, the 1 J CH coupling value is similar and integrals can be used semi-quantitatively to estimate the relative abundance of the different species. In the aliphatic oxygenated region, the relative abundances of side-chains involved in inter-unit linkages were estimated from the C α /H α correlations, except for substructures Aox and I, for which C β /H β and C γ /H γ correlations were used, respectively. In the aromatic region, Electrophoretic mobility. The electrophoretic mobility, evaluated here as the zeta potential, of the MWLs at different buffer concentrations and pH were measured. Prior to the measurements, the lignins were mixed in buffer solutions (50 mL) by using a shaker/incubator at 50 °C and 200 rpm. 41 Acetate buffer solutions of 50, 100, 200 and 500 mM concentration at pH 5.2 were used. Acetate buffers at pH 3.3, and 6.5 at 200 mM were also applied. The lignin concentration in all the buffer solutions was 0.033 % (w/v). The zeta potential was measured on the supernatant of the dispersions by using a Zetasizer Nano series (Nano ZS, Malvern, UK). All measurements were performed in triplicate with three readings each. The size of the lignin colloids was determined at 100 mM concentration in buffer solution at pH 5.2, 25 °C. A refractive index of 1.6 was assumed for the lignins 16 while that for the enzymes was assumed to be 1.45. parameters was measured over an area with approximately 2 mm sides. The thickness of the lignin film was determined from the measured ξ and ψ parameters as the angle of incidence was varied between 65° and 70°. The model assumed was air/lignin/PS/silica/silicon and all materials were assumed to be optically isotropic. The refractive indices of the materials were assumed to be 3.5 (silicon) and 1.45 (silica). The calculations employed a least squares iterative fitting procedure using both thickness and refractive index of the lignin and polystyrene layers as fitting parameters. The measurements were performed under ambient air and relative humidity conditions. The measurements were repeated several times at different positions on the surface and also with different surfaces that were prepared under the same conditions.
Contact Angle Measurements. The water contact angle on the lignin surfaces were measured using a video-controlled PHX 300 contact angle goniometer (Surface Electro
Optics, Phoenix). The contact angles were determined by curve fitting of the drop shape the of ImageJ software.
Enzyme adsorption studied in electroacoustic experiments. Enzyme adsorption on the lignin films was followed with an E4 Quartz crystal microbalance (Q-Sense, Gothenburg, Sweden) operating in a continuous mode. The QCM-D was used to monitor the adsorption of CTec2 and CBH-I on the three different MWL films. CTec2 was used at 5 mg / mL and CBH-I was applied at 1 mg / mL, the enzymes were diluted with freshly prepared 100 mM sodium acetate buffer at pH 5. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 MHz. The third, fifth and seventh overtones were used for data processing. The Johannsmann method was used to calculate the mass of enzyme adsorbed on the surface of the sensor. The amount of protein absorbed on the lignin per unit area, Γ, was calculated using equations 1 and 2:
(1)
where d is the thickness of adsorbed layer, ∆θ is the angle shift, l d is a characteristic evanescent electromagnetic field decay, estimated to be ∼0.37 times the wavelength of the incident light (240 nm), 44 m is a sensitivity factor for the sensor (109.95°/RIU, RIU:
refractive index units) obtained by calculating the slope of a ∆θ calibration with solutions of known refractive indices, 45 η o is the refractive index of the background solution (buffer, 1.3342) and η a is the refractive index of the adsorbed species (enzyme), which was assumed to be 1.57. ρ is the bulk density of the enzyme (1370 kg/m 3 ) was determined from specific volume data (0.73 mL/g). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 between 85% and 87%. The S/G ratio of the samples increased with the ASL but the main differences are further shown with respect to phenolic hydroxyl, carboxylic acid and aliphatic hydroxyls groups. Moreover, 2D-NMR was used to access the detailed composition of the MWL samples and their inter-unit linkages. The main lignin cross-signals assigned in the 2D
RESULTS AND DISCUSSION

Milled Wood Lignins (MWL).
HSQC spectra of the MWL isolated from eucalyptus, wheat straw and spruce (Figure 1 ) are listed in Table S1 of the Supporting Information. The spectra indicated major differences between the isolated MWL, in terms of composition and linkages: see Table 1 Table S1 for quantification of the structures. The hydroxyl group content of the different MWL was determined by 31 P NMR spectroscopy (see Figure 2 for the 31 P NMR spectra of the MWL). The results obtained from 31 P NMR are included in Table 2 and indicates that the amount of total hydroxyl groups was similar for all the MWL studied. The MWL extracted from wheat straw and eucalyptus presented a relatively higher phenolic hydroxyl group content, whereas the MWL from spruce was enriched in aliphatic hydroxyl groups. Since the total hydroxyl group content was not too different in the isolated lignins, our studies about the adsorption of cellulases on lignins were mainly concerned with the effect of lignin composition, for example, in terms of the syringyl/guaiacyl (S/G) ratio. Zeta potential of lignins and cellulases. In addition to the effects of molecular composition, the interactions between lignins and cellulase enzymes depend on electrostatic interactions in aqueous media, which in turn depend on the charge balance (zeta potential) of the dispersed MWLs (Figure 3a) and enzymes (Figure 3b) . All the MWLs were negatively charged at pH 5.2, as expected; in all the cases, also as expected, the charge was reduced with the increase in ionic strength, due electrostatic screening effects. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 mM the zeta potential was between -23 and -17 mV while it was reduced to -12 and -6 mV for ionic strength of 200 mM and 500 mM, respectively. lignin films prepared by the spin-coating technique. 6 Images acquired at lower magnification indicated that the films were continuous over large areas (images not shown). The RMS roughness of MWL films varied considerably depending on the method used to isolate the lignin. 48 The possibility to control the thickness and roughness of lignin films is critical to study the interactions between lignin and cellulases. Indeed, smooth films are preferred when techniques such as QCM are used. 34 From the images and RMS roughness values, it is concluded that the lignin films fully covered the surface and were relatively smooth. However, it is interesting to note that the spruce and wheat straw films were slightly rougher compared to the films obtained from eucalyptus MWL. It is possible that the more significant presence of syringyl units in the latter resulted in smoother lignin films. This is because the positions 3 and 5 of the aromatic rings were blocked by methoxyl groups, which translates into more linear lignin structures.
The thickness of the prepared lignin thin films was determined by ellipsometry: 14, 9 and 9 nm for spruce, wheat straw, and eucalyptus MWL, respectively. Interestingly, the film roughness remained relatively low independent of the film thickness. Based on fitted data from more than 50 ellipsometry measurements, the refractive index was determined to be µ=1.60±0.03 for the MWLs studied, similar to the values reported by Norgren et al., 6 for kraft lignins (µ=1.61±0.04). However, they were larger than those for lignins extracted, via 23 The porosity of these latter lignin films was lower, yielding denser films. Interestingly, the roughness remained relatively low independent of the film thickness.
Cellulase binding on MWL films. Images of sessile water droplets in contact with the MWL films, taken before and after CBH-1 adsorption, revealed a clear reduction in contact angle, from 66-69 degrees (depending on lignin source) to 30-40 degrees ( Figure S1 and Table S3 ). This was a consequence of enzyme adsorption on the surface, as will be explained in more detail with QCM experiments, whereby hydrophobic amino acids of the cellulases interacted with the lignin, leaving exposed hydrophilic residues of the enzymes. Table 3 . Enzyme adsorption increased with equilibrium concentration (isotherms acquired at other concentrations, not shown) but only to a limited extend, indicating the possibility that surface saturation was nearly reached at 5 mg/mL solution concentration. As far as the interactions between lignin and Ctec2, we would like to point out that given the complex mixture of proteins that exist in this commercial system, caution must be exercised in any effort to correlate the binding signature with that of purified CBH1. For this purpose, other enzyme cocktails known to comprise enzyme preparations from T. reesei and which may not be augmented, may be more relevant. However, Ctec2 is simply taken here as an example of a commercial system that is widely reported and used for total hydrolysis.
Here, we attempted to identify any significant differences in the lignin-binding behavior, which as indicated by the data, seems to be sensitive to the exact composition of the reference enzymes. Rinsing with background buffer was carried out to determine the extent at which lignin was removed and thus to gain some understanding on the irreversibility of the adsorption process. The adsorbed mass was calculated by using the Johannsmann method 50 from QCM frequency values. In the calculation, the density of the AT-cut quartz crystals, ρ q , was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 3 together. The percentage of enzyme that irreversibly adsorbed onto lignin was noted to be similar for both of the enzyme doses investigated. Please note that as any other approach to calculate the adsorbed mass, the Johannsmann model is subject to assumptions and can be only taken on a relative basis. Enzyme adsorption has been indicated to scale with both the S/G ratio and the amount of phenolic and aliphatic hydroxyl groups. 17, 49, 51 For the MWLs studied here, the concentration 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 of total hydroxyl groups was very similar ( 31 P analysis) while there was significant difference in the S/G ratio (NMR data). Thus, considering the extent of enzyme adsorption, there was clear indication that it increased with the guaiacyl (G) content of the lignin.
The presence of surfactants and preservatives in commercial enzyme cocktails influence the interactions between lignin and cellulase. 52 However, in the present case no attempt was made to remove (via solvent exchange, etc.) surfactants or preservatives for two reasons, first the effects were expected to be small given the levels of dilution and, secondly, the system was tested in conditions relevant to actual applications.
Data from the purified enzyme is discussed now in light of the adsorption experiments.
The monocomponent cellulase from T. reesei Cel7A (CBH-I) was a cellobiohidrolase that represents about 50-60% of total enzyme cocktails produced by T. reesei. The function of this enzyme is to break down cellulose by an exo mechanism from the reducing ends. The extent of adsorption of the single component enzyme on the lignin films (Figure 5c ) was distinctively less than that measured for the commercial enzyme mixture (Figure 5a ).
Compared to the case of the enzyme mixture, CBH-I followed the same adsorption trend on the three MWLs. The amount of CBH-I irreversibly adsorbed on MWL accounted for about half of the total mass adsorbed at equilibrium after injection. An interesting observation was that compared to the two other substrates, adsorption of CBH-I on spruce MWL was faster (data for short adsorption times, not included). One noticeable fact is that the relative amount of enzyme irreversibly adsorbed on spruce MWL was ca. 80% for CTec2, while that for CBH-I was 52%. These figures were 45 and 46% in the case of eucalyptus and wheat straw MWL, respectively. Thus, the monocomponent enzyme adsorption on lignin was more limited.
Electrostatic and rinsing effects revealed by SPR. Electrostatic effects are known to affect the interactions between lignin and enzymes. 53 Here, we discuss experiments carried 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 out at pH 5.2 and different ionic strengths by the optical technique, surface plasmon resonance (SPR). For this purpose, wheat straw and spruce lignin were compared since they present the largest differences in lignin composition. In the experiments, enzyme was first adsorbed for 4 min and then the surface was rinsed with background buffer. After 5 min, data was acquired to study the irreversibility of enzyme binding to lignin (SPR sensograms in Figure 6 ).
Enzyme adsorption experiments were carried out in buffer solutions of 50 and 200 mM salt concentration since, as shown in Figure 3 , an important difference in lignin zeta potential was determined in these conditions (see also Table 4 . It is apparent that under similar conditions SPR adsorbed mass ( Table 4 ) was smaller than that calculated from QCM sensograms ( Table 3) . This is explained by the fact that QCM is sensitive to hydration or coupled water.
Also, SPR revealed, as was the case of QCM data, that adsorption on wheat straw lignin was higher for the enzyme cocktail compared to the monocomponent CBH I. More important to the present discussion is that the irreversible adsorption of enzyme was significantly affected by the ionic strength: for spruce MWL, the relative fraction of enzyme that was irreversibly adsorbed was 38% at 50 mM and it increased to 50% at 200 mM. The same applied to wheat straw MWL (33 and 50%, respectively). Thus, adsorption was favored under conditions of reduced electrostatic repulsion.
Experiments were conducted with enzymes in 500 mM background electrolyte concentration followed by rinsing with electrolyte solutions of given concentrations (50, 200 and 500 mM), Figure 6a' 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Experiments similar to (a) and (b) are shown in (c) and (d) for CBH-I adsorption on wheat straw MWL. In each figure, the arrow symbol represents the approximated time at which enzyme was injected after film equilibration in background electrolyte and the "drop" symbol represents the time at which the enzyme solution was replaced with background electrolyte solution of given concentration, as indicated (rinsing). for CBH-I is also included for conditions similar than those in (a). Proteins or enzymes undergo different adsorption mechanisms, which are influenced mainly by hydrophobic and electrostatic interactions between the proteins and the surface.
Adsorption is possible to occur in the form of patches or uniformly distributed mono-or multi-layers. The respective surface coverage of the enzymes on the surface films can be estimated from the adsorption data obtained via SPR. Three different scenarios were considered for this purpose, as shown in Figure S3 . Accordingly, enzyme coverage on the MWL films were calculated for the different experiments and Table S4 shows the corresponding coverage values. There is an indication that patches are the primary enzyme arrangement on the surface, which was influenced by the structural conformations and charge of the enzymes. Compared to data obtained at high ionic strength, the electrostatic repulsions that existed in conditions of lower ionic strength was clearly shown as a decrease in enzyme coverage on the surface, by more than 25%.
In concluding this discussion, it is important to point out a few items that are pertinent: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 eucalyptus. Compared to the multicomponent cellulases, CBH-I displayed lower affinity with lignin and higher adsorption reversibility. These results challenge the standing assumption that this enzyme has a high affinity toward lignin and further highlights the relevance of different sources of lignins. QCM and SPR indicate that charge screening allows more extensive protein adsorption, revealing the importance of electrostatic interactions in the mechanism of enzyme action in the presence of residual lignins. Finally, a correlation between the extent of adsorption and the S/G ratio of the lignins was found.
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